We evaluated the relationship between daily levels of particulate and gaseous phase pollutants and mortality within a dynamic cohort of approximately 550,000 individuals whose vital status was ascertained between 1986 and 1999. Time-series methods were applied to evaluate whether there were differential pollutant effects on daily aggregated numbers of deaths in the cohort that was stratified into quintiles of income as defined by the 1991 and 1996 Canadian censuses. The percent change in all-cause, cardiovascular, respiratory, and cancer daily mortality was calculated in relation to short-term changes in levels of a number of particulate (PM 2.5 , PM 10-2.5 , total suspended particle co-efficient of haze PM 10 , SO 4 ) and gaseous (O 3 , CO, SO 2 , NO 2 ) pollutants. The estimated effects of air pollution on mortality were adjusted for day of week effects, and several meteorologic variables including temperature, change in barometric pressure, and relative humidity. Several gaseous pollutants were associated with an increased risk of mortality. Specifically for an increase equivalent to the difference between the 90th and 10th percentiles, the estimated percent change in daily mortality based on the 3-day average of NO 2 , and SO 2 was 4.0% and 1.3%, respectively. The corresponding changes in mortality associated with SO 2 were much higher when analyses were restricted to death from respiratory disease. Specifically, a difference between the 90th and 10th percentiles was associated with a 5.6% (95% CI ¼ À0.7% to 12.3%). The daily mean coarse fraction (PM 10-2.5 ) was associated with increased cardiovascular mortality (estimated change ¼ 5.9%, 95% CI ¼ 1.1-10.8%). PM 2.5 was not found to be an important predictor of mortality. For NO 2 , CO, and SO 2 , there was some suggestion of increased risk of all-cause and cardiovascular mortality at lower levels of socioeconomic status. However, these results should be interpreted cautiously due to the small number of deaths observed within each stratum of socioeconomic status.
Introduction
Epidemiologic studies have demonstrated positive relationships between current levels of air pollution and a variety of adverse health effects, including mortality and hospital admissions for cardiorespiratory conditions (Schwartz, 1991; Bascom et al., 1996; Thurston and Ito, 2001) . Although the health effects resulting from short-term increases in air pollution appear to be relatively small (Schwartz, 1991) , the overall population health impact may be substantial given the ubiquity of exposures. Moreover, several researchers have posited that there may be segments of the population who are more vulnerable to the effects of air pollution (Bates, 1992; Seaton et al., 1995; Ito and Thurston, 1996; Goldberg, 1996) . Despite the large body of health research on air pollution, there remains considerable uncertainty as to which population subgroups may be more susceptible to deleterious health effects. This gap in the scientific literature was recognized recently by the US National Research Council as a research priority (National Research Council, 1998) .
''Environmental justice'' is a well-recognized term in the context of environmental health that refers to whether economically and politically disadvantaged communities bear a disproportionate burden of the impacts of exposure to environmental hazards. Socioeconomic inequalities in mor-bidity and mortality have been observed in Europe (Mackenbach et al., 1997) , the United States (Robert, 1998; Kawachi and Kennedy, 1999) , and Brazil (Sobral, 1989) . In the 1970s, a number of studies reported positive correlations between outdoor concentrations of criteria air pollutants and low income, and that minority populations tended to reside in areas where pollution levels were highest. At present, there have been a limited number of time-series analysis that have investigated whether socioeconomic status modifies the effect of air pollution on mortality. Recently, in a re-analyses of the Harvard Six-Cities and the American Cancer Society's CPS II cohorts, increased risks of mortality from long-term exposure to fine particulate matter were observed among those with lower education and income levels . However, the converse was observed in a time-series study conducted in Sao Paulo, Brazil (Gouveia and Fletcher, 2000) , while in two US time-series studies, there was little to suggest that socioeconomic status modified associations between fine particulate matter and daily mortality (Zanobetti and Schwartz, 2000; Samet et al., 2000) To address the inconsistencies in the findings of the studies performed to date, we have examined whether socioeconomic status, as measured by an ecological measure of income level obtained from the 1991 and 1996 Canadian censuses, is a potential modifier of the effects of airborne pollution on allcause, respiratory, and cardiovascular mortality. Our estimates of risk are based on population-based linked data of residents of the greater Vancouver area in British Columbia, Canada.
Materials and methods

Study Population
The cohort was derived from the British Columbia Linked Health Dataset (Chamberlayne et al., 1998) . This population-based and person-specific database was constructed from records of the provincially administered and largely publicly funded health insurance program. This program covers acute and extended care hospitalization, in-home care, prescription drugs for those over the age of 65 years, diagnostic tests, fees of physicians and, to a limited extent, fees of other health-care practitioners. The linked database covers virtually all residents of British Columbia, each of whom is eligible for insurance coverage. A resident is a person who meets all of the following conditions: must be a citizen of Canada or be lawfully admitted to Canada for permanent residence; must make his or her home in British Columbia; and must be physically present in British Columbia for at least 6 months in a calendar year.
The assembled cohort was dynamic and consisted of individuals 65 years of age or older who resided in the greater Vancouver area at any point in time between January 1, 1986 and December 31, 1998 . A small proportion of individuals (o5% of all residents) were excluded from the study because they lacked residential postal code information. The analytic cohort used here was comprised of approximately 550,000 uniquely defined individuals. We used this cohort to model the aggregated daily number of deaths in relation to air pollution changes occurring over time.
Ascertainment of Vital Status
A total of 136,736 deaths were observed among cohort members between January 1, 1986 and December 31,1998. Facts and underlying cause of death were from the vital statistics registry in British Columbia. The underlying cause of death was coded according to the International Classification of Disease 9th Revision. Information pertaining to the place of death was used to exclude those deaths that occurred outside of Vancouver. A total of 93,612 nonaccidental deaths were observed in the 13 census subdivisions between 1986 and 1998. The number of cardiovascular ), respiratory (ICD 460.0-519.9), and cancer (ICD 140.0-239.9) deaths were tabulated, so that time-series methods could be used to evaluate, separately, associations between air pollution and daily counts of these deaths.
Air Pollution and Meteorological Data
Continuous sampling measures for air pollutants have been compiled for the following 13 census subdivisions in the Vancouver area. Daily measures of fine (PM 2.5 ), coarse (PM 10-2.5 ), and thoracic (PM 10 ) particulate matter were constructed using a tapered element oscillating microbalance (TEOM) between the period of 1995-1998. Dichotomous samplers with Teflon filters provided additional sampling data every 6th day for PM 2.5 , PM 10-2.5 , PM 10 , sulfates (SO 4 ), and total suspended particulate (TSP) matter between 1986 and 1998.
Concentrations of gaseous pollutants (sulfur dioxide (SO 2 ), nitrogen dioxide (NO 2 ), carbon monoxide (CO), daily 1-h maximum concentration of ozone (O 3 ) were measured daily between January 1, 1986 and December 31, 1998. In addition, the coefficient of haze (COH) was also measured every 2 h during this period. Hourly data for several weather variables were obtained from the Vancouver International Airport and were used to create indices of daily maximum and minimum temperature, relative humidity, and maximum changes in barometric pressure.
Socioeconomic Status
Individual deaths were classified into quintiles of socioeconomic status based on linking the stated residential address to the mean family income levels for census Enumeration Areas in the Greater Vancouver Area. The enumeration area (EA) is the smallest standard geographic area for which census data are reported and is enumerated by one census representative. The number of dwellings in an EA may vary from 375 (maximum) in large urban areas to 125 (minimum) in rural areas. There were a total of 2182 enumeration areas within the 13 census subdivisions from which deaths were identified. We classified subjects by socio economic status (SES) by using data from the most recent census that preceded death. Specifically, the 1991 census was used to stratify individuals who died between 1986 and 1993 into SES categories, while the data from the 1996 census were used for deaths occurring between 1994 and 1999.
Statistical Methods
Adjusting for Temporal Variation We restricted our analyses to nonaccidental causes of death. The intended goal of our analysis was to relate daily fluctuations in the levels of air pollution to corresponding variations in the daily number of deaths in this Vancouver cohort. In Vancouver, the average number of daily deaths between 1986 and 1998 was 19.7.
The time-series models were filtered to remove unwanted seasonal and day of week effects. Specifically, our time-series models included indicator variables for the day of the week and were adjusted for temporal trends using a natural spline smoothed representation of day of study. We considered natural spline smooth functions of day of study of lengths 1, 3, 6, and 12 months. The span on the filter that maximized the P-value in Bartlett's test for white noise was used to adjust the filter so that the observations were independent. The above steps were implemented separately for each different cause of death. We made use of the S-PLUS program to fit the models (Statistical Sciences Inc, 1993) . The serial correlation structure in the residuals was examined after the fitting models.
Determining the Weather Model After determining the appropriate span on the natural spline filter, the weather model was selected using a forward stepwise regression procedure to identify a minimally sufficient set of weather variables needed to predict daily mortality counts. Daily summaries of weather variables considered included: mean relative humidity, maximum daily temperature, minimum daily temperature, change in barometric pressure in the previous 24-h period, and mean relative humidity. Three lags (0, 1, and 2-day) were examined for each of these meteorological indicators. Akaike's information criterion was used to identify the relevant predictors of mortality. Of the variables considered, daily minimum temperature, change in barometric pressure over the previous day, and daily mean relative humidity were found to be the meteorologic predictors of mortality.
Modelling Pollutant Risks Having found the smoothers of time, day of week, and relevant weather variables for each cause of death under study, daily measures of air pollution were added singly into the model. For each individual air pollutant considered, four different indices were examined. Specifically, the mean exposure over 3 days, and at lags of 0, 1, and 2 days were modelled. Stepwise regression was also employed to determine the extent to which exposures to other particulate and gaseous pollutants affected the risk estimates. Once the final model was selected, the percent change in daily mortality and the accompanying 95% confidence intervals were generated across each strata of SES, and for all deaths combined.
For the particulate components of air pollution, we calculated changes in daily mortality using the difference between the 90th and 10th percentiles. This allowed the changes in daily mortality across different pollutants, measured using different units, to be more easily compared.
Results
Details on the number of monitoring stations, the number of days with sampling data, as well as the mean, maximum, 90th and 10th percentile of the exposure distribution are presented in Table 1 . Correlations between the pollutants under investigation are listed in Table 2 . As anticipated, positive correlations were noted between the coarse and fine particulate phase components (r ¼ 0.46). In contrast, ozone was inversely correlated with NO 2 , CO, and SO 2 . The percent change in daily all-cause mortality according to four different measures of pollution exposure (daily mean, daily mean lagged 1 day, daily mean lagged 2 days, and the 3-day average) is presented in Table 3 . For TSP, SO 4 , and PM 2.5 measured using dichotomous sampling, sampling occurred every 6th day and, therefore, results based on a 3-day average could not be generated. We observed no significant association between all-cause mortality and PM 2.5 measured using TEOMs. By contrast there was an elevated percent change in daily mortality (4.5%, 95% CI ¼ À0.3% to 9.5%) per 15.7 mg/m 3 of PM 2.5 based on the dichotomous sampling of exposures between 1986 and 1999. No significant associations between mortality and PM 10-2.5 , PM 10 , and SO 4 were observed. However, an increase of 41.0 mg/m 3 of TSP based on a daily mean exposure lagged 2 days resulted in a 9.5% increase in daily mortality (95% CI ¼ 3.9-15.5%). Several gaseous pollutants (NO 2 , CO, SO 2 ) were consistently associated with increased mortality across the four different exposure indices examined. The increase was most pronounced for NO 2 , where an increase of 17.5 ppb of the 3-day average resulted in a 4.0% increase (95% CI ¼ 0.7-7.5%) in daily mortality.
The relationship between daily summaries of pollutants and change in cardiovascular mortality is presented in Table 4 . No association between cardiovascular mortality and PM 2.5 was observed. A 11.0 mg/m 3 increase in the coarse fraction (PM 2.5-o10 ) , based on the daily mean, was associated with an estimated 5.9% (95% CI ¼ 1.1% to 10.8%) increase in cardiovascular mortality. A statistically significant association with cardiovascular was also observed for the daily mean TSP lagged 2 days (estimated change 12.7%, 95% CI ¼ 3.1-23.3%).
For the most part, indices of air pollution were not associated with any statistically significant increase in risk of death from respiratory disease (Table 5 ). An exception included an increased percent change in mortality from the daily SO 2 mean lagged 1 day (estimated change ¼ 5.3, 95% CI ¼ 0.4-10.5%) for the 90th percentile of exposure relative to the 10th percentile. No significant associations between the gaseous or particulate components of air pollution and cancer mortality were observed (Table 6 ).
The relationships observed between the 3-day average of selected air pollutants and all-cause mortality across levels of socioeconomic status and mortality are illustrated in Figure 1 . For NO 2 , CO, and SO 2 , the estimated percent change in daily mortality was more pronounced among those in the low and middle categories of socioeconomic status. Similar patterns for these three pollutants emerged when analysis was restricted to cardiovascular mortality (Figure 2) . The relative risks were adjusted for the day of the week, daily minimum temperature, change in barometric pressure over the previous day and daily mean relative humidity.
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There was little variation in the estimated percent change in respiratory mortality from selected air pollutants across strata of socioeconomic status (Figure 3) . However, the percent change in respiratory mortality was positively related to exposure to TSP only among those of lower socioeconomic status.
Discussion
Within the BC Linked Cohort, we observed associations between mortality and TSP, SO 2 , and NO 2 . This differs from a recent analysis of mortality in 20 large urban centers in the US , which implicated particulate matter as an important determinant of mortality. The absence of observed effects for PM 2.5 , PM 10 , and PM 2.5-o10 in Vancouver may in part be due to low ambient levels, and the availability of only 3 years of data with daily sampling. However, measures of TSP lagged 2 days were significant predictors of cardiovascular and cancer mortality. NO 2 was a significant predictor of all-cause mortality. NO 2 is well recognized as a highly reactive and toxic oxidant pollutant. Our findings for this pollutant are consistent with a recent analyses that investigated the relationship between particulate and gaseous phase pollutants and cardiorespiratory hospital admissions in Toronto, Ontario (Burnett et al., 1999) . In this study, Burnett and colleagues estimated that of the excess daily hospital admissions in Toronto attributable to the atmospheric pollution mix, 40.4% resulted from exposure to NO 2 . Elsewhere, exposure to higher levels of NO 2 has been associated with deleterious health outcomes. These have included, for example, increased respiratory symptoms and decreased lung function in children (Schwela, 2000) , and an elevated risk of death from cardiovascular disease (Zeghnoun The relative risks were adjusted for the day of the week, daily minimum temperature, change in barometric pressure over the previous day and daily mean relative humidity. The relative risks were adjusted for the day of the week, daily minimum temperature, change in barometric pressure over the previous day and daily mean relative humidity. Wong et al.,2002) , stroke (Hong et al.,2002) , and nonaccidental deaths (Cifuentes et al.,2000; Simpson et al., 2000) .
We observed modest increases in the all-cause and cardiovascular mortality due to exposure to NO 2 , CO, and SO 2 among individuals living in lower relative to higher socioeconomic areas. Populations of lower socioeconomic status might be expected to have lower level of health due to factors such as poor nutrition, stressful living and working conditions, and higher smoking prevalence (Sexton et al., 1993) . Our indices of SES could be considered as potential surrogate measure of population vulnerability, and therefore, these results support the hypothesis that air pollution exerts a greater influence among those of lower health status. However, there is also evidence that suggests those of lower SES are more likely to have residential characteristics associated with higher levels of indoor air pollution, and spend less time in activities away from home (Schwab, 1992) . Our findings for particles differ from recent re-analyses of the Six Cities and ACS cohorts that found more pronounced risks of mortality from air pollution among those of lower educational status (Krewski et al., 2000) . Nonetheless, our The relative risks were adjusted for the day of the week, daily minimum temperature, change in barometric pressure over the previous day and daily mean relative humidity. Figure 1 . Mean change in all-cause mortality for selected air pollutants evaluated using the difference the 90th and 10th percentile, based on 3-day average, by level of socioeconomic status (low, middle, high), BC linked cohort. results should be interpreted cautiously due to the small number of deaths that occurred within each quintile of SES.
The absence of variations in risk across levels of SES may be partly due to the age of the cohort. A number of studies have suggested that by age 65 years, much of the gradient effect between income and health status has diminished (Beckett, 2000; Hart et al., 2000; Puigpinos et al., 2000; Martikainen et al., 2001 ). In particular, those individuals of low socioeconomic status who survive to age 65 years are a highly select group. The effects of SES may have also been diluted by historical changes in housing prices in Vancouver. Specifically, housing prices were not high in Vancouver approximately 25 years ago. Therefore, when cohort members were in the housing market, it was relatively easy to live most places in Vancouver then reap the benefit of the rising market when they sold. For this reason, the income characteristics of enumeration areas are likely a better surrogate for SES for younger persons, or those currently involved in the housing market. Indeed, recent analyses have revealed an higher air pollution risks of emergency visits for asthma among children residing in enumeration areas with lower of SES (Lin, 2002) .
Fine particles have been the focus of epidemiologic studies of air pollution because they tend to have higher concentrations of sulfates, nitrates, organic compounds, and transitional metals than coarse particles (Pritchard et al., 1996) . Moreover, they are more easily deposited in the alveolar region (US Environmental Protection Agency, 1995), and tend to exhibit greater toxicity than coarse particles (Dreher et al., 1996; Costa and Dreher, 1997; Venkataraman and Kao, 1999) . The absence of an effect within the present BC cohort may be due to a short time series with relatively few deaths. Furthermore, the mean daily level of PM 2.5 in the greater Vancouver region between 1995 and 1998 was quite low (7.9 mg/m 3 ), relative to other Canadian cities. For example, the mean daily PM 2.5 levels in Montreal and Toronto between 1986 and 1996 were 15.0 and 15.4mg/m 3 , respectively .
For the most part, our analysis of this large linked database spanning the lower mainland of British Columbia demonstrated no association between fine particulate matter and mortality. This finding persisted despite the consideration of multiple indices of exposure of varying lags, and was consistently observed for respiratory, cardiovascular, and cancer mortality. The sole positive findings was a 4.5% increase in all-cause mortality based on the daily mean PM 2.5 lagged 2 days based on dichotomous sampling. Differences in results obtained from the dichotomous and TEOM sampling of PM 2.5 may be explained in part by different periods of sampling (1986-1995 for dichotomous sampling, 1995-1998 for TEOM). PM 2.5 exposures have decreased dramatically in Vancouver between 1986 and 1995.
We found a positive association between the daily mean exposure to coarse particles and cardiovascular mortality.
This finding is consistent with the results from a time-series study conducted by Ostro et al. (2000) in the Coachella Valley, California. They observed a relative risk of 1.02 (95% CI ¼ 1.01-1.04) based on an increase of the interquartile range (19.6 mg/m 3 ) of the daily mean coarse particle concentration, while no significant results were found for all-cause mortality (RR ¼ 1.01, 95% CI ¼ 0.99-1.02). Elsewhere, Castillejos et al. (2000) observed that coarse particles in Mexico City were more strongly associated than fine particles with total, respiratory and cardiovascular mortality in Mexico City. Coarse particles have been shown to produce effects consistent with lung injury in rats (Kleinman et al., 1995) , and in vitro have induced greater cytotoxicity and concentrations of proinflammatory cytokines than extracts from fine particles (Monn and Becker, 1999) . The Environmental Protection Agency has also noted that coarse particles deposit in the upper airways of the lungs and may be relevant for asthmatic responses and irritation (US Environmental Protection Agency, 1995) . No association between coarse particles and respiratory mortality was found in our study.
We have presented the results of changes in daily mortality for selected pollutants using single-pollutant models. To evaluate the extent to which exposure to gaseous components may have biassed the coarse and fine particulate effects, we fit separate two pollutant models that include the particulate effect of interest, and terms for CO and SO 2 . Neither CO or SO 2 appreciably changes the mortality effect for the coarse of fine particulate fractions.
There are many challenges in studies on air pollution, paramount among these are issues related to exposure measurement error . Some exposure measurement error may have been introduced due to differing number of monitoring stations used to measure pollutants in the Greater Vancouver Area. This may have resulted in some differences in the quality of the air pollution data being attributed to enumeration areas. However, we feel that the potential bias introduced by this is small as day-today variation in air pollution exposure is likely to be much greater than spatial variability between sites. Support for this comes from Goswami et al. (2002) who examined spatial variations of fine particulate matter in nearby Seattle, Washington. They found that day-to-day variability in particulate matter was 10 times higher than the spatial variability between the presites.
Overall, the level of socioeconomic status did not modify associations between indices of air pollution and mortality. This may in part be due to the fact that enumeration areas are not sufficiently small and homogeneous with respect to demographic characteristics. Therefore, the index used might not have adequately discriminated among the relevant socioeconomic conditions in each area. Alternatively, there is some evidence to suggest that pre-existing comorbidity may be a more important determinant of air pollution effects. For example, Schwartz (1994) noted a more pronounced risk of cardiovascular mortality associated with particulate matter among individuals with respiratory infections. Goldberg et al. (2001) recently investigated the relationship between particulate matter and mortality and observed that daily mortality increased linearly as concentrations of particles increased for persons who had acute lower respiratory diseases, chronic coronary artery diseases, diabetes, and congestive heart failure. If pre-existing medical conditions modify the effects of air pollution, the absence of an effect across strata of socioeconomic status may indicate that the prevalence of these particular conditions does not vary appreciably across these strata.
